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Abstract 

We have identified the unscreened Frohlich electron-phonon interaction (EPI) as the most es- 
sential for pairing in cuprate superconductors as now confirmed by isotope substitution, recent 
angle-resolved photoemission (ARPES), and some other experiments. Low-energy physics is that 
of mobile lattice polarons and bipolarons in the strong EPI regime. Many experimental obser- 
vations have been predicted or explained in the framework of our " Coulomb-Frohlich" model, 
which fully takes into account the long-range Coulomb repulsion and the Frohlich EPI. They in- 
clude pseudo-gaps, unusual isotope effects and upper critical fields, the normal state Nernst effect, 
diamagnetism, the Hall-Lorenz numbers, and a giant proximity effect (GPE). These experiments 
along with the parameter-free estimates of the Fermi energy and the critical temperature support 
a genuine Bose-Einstein condensation of real-space lattice bipolarons in the pseudogap phase of 
cuprates. On the contrary the phase fluctuation (or vortex) scenario is incompatible with the 
insulating-like in-plane resistivity and the magnetic-field dependence of orbital magnetization in 
the resistive state of under doped cuprates. 

PACS numbers: 71.38.-k, 74.40. +k, 72.15.Jf, 74.72.-h, 74.25.Fy 
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I. INTRODUCTION 



Relatively high superfluid T c of 4 He (« 2.11K ) compared with T c of 3 He (« 0.0026K) 
kindles the view that high-temperature superconductivity might derive from preformed real- 
space charged bosons rather than in the BCS state with the strongly overlapping Cooper 
pairs. Indeed, there is increasing experimental evidence that cuprates are bosonic super- 
conductors . A possible fundamental origin of such strong departure of the cuprates 
from conventional BCS behaviour is the unscreened (Frohlich) EPI of the order of 1 eV 0,0], 
routinely neglected in the Hubbard U and t — J models of cuprate superconductors ||| . This 
interaction with c— axis polarized optical phonons is virtually unscreened because the upper 
limit for the out-of-plane plasmon frequency (< 200 cm -1 [7]) in cuprates is well below the 
characteristic frequency of optical phonons, ujq ~ 400 - 1000 cm ~ 1 . Since screening is poor, 
the magnetic interaction remains small compared with the Frohlich EPI at any doping of 
cuprates. In order to generate a convincing theory of high-temperature superconductivity, 
one has to treat the long-range Coulomb repulsion and the unscreened EPI on an equal 
footing. When both interactions are strong compared with the kinetic energy of carriers, 
this Coulomb-Frohlich model (CFM) predicts the ground state in the form of mobile small 
bipolarons, which bose-condense at high temperatures {4, 8, 9]. 

Most compelling evidence for (bi)polaronic carries in cuprate superconductors is provided 



by the discovery of a substantial isotope effect on the carrier mass 
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predicted for the 



(bi)polaronic conductors in Ref. High resolution ARPES [12] , Il3 ] provides another 

piece of evidence for a strong EPI in cuprates Jl4] apparently with c-axis-polarised optical 



phonons 
tunnelling 



These as well as earlier optical 



151 ]. neutron scattering 16] and more recent 



171 ] experiments unambiguously show that the lattice vibrations play a significant 



though unconventional role in high temperature superconductors. Operating together with 
a shorter range deformation potential and molecular-type (e.g. Jahn- Teller }18| ) EPIs, the 
Frohlich EPI readily overcomes the Coulomb repulsion at a short distance about the lattice 
constant providing a non- retarded attraction to form small yet mobile bipolarons {sj. 

When strong EPI binds holes into intersite oxygen bipolarons 19j, the chemical potential 
remains pinned inside the charge transfer gap, as clearly observed in the tunnelling exper- 



iments by Bozovic et al. in optimally doped La1.g5Sro.15 Cu0 4 



20] . The bipolaron binding 



energy and the singlet-triplet bipolaron exchange energy are thought to be the origin of 
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normal state charge and spin pseudogaps, respectively, as has been predicted by us [2l| and 
later supported experimentally 22j. In overdoped samples carriers screen part of EPI with 
low frequency phonons. Hence, the bipolaron binding energy decreases 23] and the hole 
bandwidth increases with doping. As a result, the chemical potential enters the oxygen 
band in overdoped samples, so that a Fermi-level crossing could be seen in ARPPES at 
overdoping where mobile bipolarons coexist with the polaronic Fermi-liquid 24]. 

Here I briefly review a number of theoretical and experimental observations supporting the 
bosonic model of superconducting cuprates at variance with BCS-like and phase-fluctuation 



scenarios. 



II. LOW FERMI ENERGY, INDIVIDUAL PAIRING AND PARAMETER-FREE 
EVALUATION OF T r 



A parameter-free estimate of the Fermi energy [25| clearly supports the real-space (i.e 
individual) pairing in cuprate superconductors. The band structure of cuprates is quasi- 
two-dimensional. Applying the parabolic approximation for the band dispersion one readily 
estimates the Fermi energy in 2D as ep = dh 2 c 2 /4e 2 X 2 b , where d is the distance between 
copper-oxygen planes, X~ 2 = A r Ke 2 n/m*c 2 is the in-plane magnetic-field penetration depth 
at low temperatures, and n, m* are the density of hole polarons and their effective mass, 
respectively. Here one assumes that the 'superfluid' density at zero temperature is about 



the same as the normal state density of holes, as it must be in any clean superfluid [26|. The 
low-temperature penetration depth is unusually large, \ a b > 150 nm, in cuprates, so that 
the renormalised Fermi energy turns out to be surprisingly low, < 100 meV, rendering 



the Migdal-Eliashberg theory 271, |28| inadequate. In fact, ep is so small that the individual 



pairing is very likely. Such pairing will occur when the size of the pair, r& = h/y/m*A is 
small compared with the inter-pair separation, r = Ky/it /m*7p, so that the condition for 
real-space pairing is ep < 7rA. Experimentally measured pseudogaps of many cuprates are 
about 50 meV or larger. If one accepts that the pseudogap is about half of the pair binding 



energy, A/2, [21j then the condition for real-space pairing is well satisfied in most cuprates 
(typically « 0.2 — 0.4 nm). 

When bipolarons are small so that pairs do not overlap, the pairs can form a Bose-Einstein 



condensate (BEC) [2]. Recent Quantum Monte Carlo simulations of CFM show that with 
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realistic values of EPI coupling constant, A ~ 1, and high optical phonon frequencies one can 
avoid overlap of pairs and get a very high bose-condensation temperature Tbec Actually 
Tptp r; fits the experimental T r in a great number of cuprates without any fitting parameters 



291 ] . In contrast with Ref. 30] our expression for Tbec involves not only the in-plane, X a b, 



but also the out-of-plane, A c , magnetic field penetration depth, and the normal state Hall 
ratio Rh just above the transition, 

1/3 



— 64,11) . (!) 



Here T c is measured in Kelvin, eRu in cm 3 and A in cm. Since all quantities in Eq.([T]) are 
measurable, the bipolaron theory provides the parameter-free expression, which unambigu- 
ously tells us how near cuprates are to the BEC regime. Its comparison with the experimental 
T c of more than 30 different cuprates, where both A a t, and A c have been measured along with 
Rh{T c + 0), show that Tbec fits experimental values within an experimental error bar for 
the penetration depths. 

One can argue that due to a large anisotropy cuprates may belong to the 2D l XY : 
universality class with the Kosterlitz-Thouless (KT) superfluid critical temperature Tkt of 
the Cooper pairs 3l|]. The KT transition temperature is expressed through the in-plane 
penetration depth alone as Tkt ~ dh 2 c 2 / '4fc£7re 2 A^. It turns out significantly higher than 
the experimental values in many cuprates. There are also quite a few samples with about 
the same X a b and about the same inter-plane distance d, but with very different values 
of T c , which makes the KT scenario unviable. On the contrary, our parameter-free fit of 
the experimental critical temperature and the critical behavior (see below) favor 3-D BEC 
of charged bosons as the mechanism of high T c rather than any low-dimensional phase- 
fluctuation scenario. 



III. UPPER CRITICAL FIELD AND THE NORMAL STATE NERNST EFFECT 



The state of bipolarons above the resistive T c is perfectly "normal" in the sense that 
the off-diagonal order parameter (i.e. the Bogoliubov-Gor'kov anomalous average T{r, r') = 
(^(r)^i-(r')) is zero (here ^1,1 ( r ) annihilates electrons with spin |, | at the point r). 

On the contrary >F(r, r') remains nonzero in the phase fluctuation scenario 31J with vor- 



texes in the normal state above T r 



32 



331 ] . We have noticed that the phase fluctuation 
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scenario is not compatible with extremely sharp resistive transitions at T c in high-quality 
underdoped, optimally and overdoped cuprates, and with_the_insulating-like in-plane resis- 
tivity of underdoped cuprates in high magnetic fields 
and out-of-plane resistivity of Bi — 2212, where the anomalous Nernst signal has been mea- 
sured 32j, is perfectly "normal" above T c , showin g on ly a few percent positive or negative 
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351 ] . For example, the in-plane 



magnetoresistance 



36| . explained with bipolarons [371 ] . 



Both in-plane and out-of-plane resistive transitions of high-quality samples remain sharp 
in the magnetic field providing a reliable determination of the genuine upper critical field, 



H c2 (T). Many 
(for review see 



ligh magnetic field studies revealed a non-BCS upward curvature of H C 2(T) 



38] ) with a non- linear temperature dependence in the vicinity of T c in many 



cuprates and some other unconventional superconductors, Fig{TJ If unconventional super- 
conductors are in the 'bosonic' limit, such unusual critical fields are expected in accordance 
with the theoretical prediction for BEC of charged bosons in the external magnetic field 
39]. 

Also the bipolaron theory accounts for the anomalous Nernst signal, and the insulating- 
like in-plane resistivity of underdoped cuprates [34j, [35] as observed [32j, |33j, |40|, |4lj. The 
transverse Nernst-Ettingshausen effect (here the Nernst effect) is the appearance of a trans- 
verse electric field E y perpendicular to the magnetic filed and to a temperature gradient, 
V X T. When bipolarons are formed the chemical potential is negative in the normal state. 
It is found in the impurity band just below the mobility edge at T > T c . Carriers, localised 
below the mobility edge contribute to the longitudinal transport together with the itiner- 
ant carriers in extended states above the mobility edge. Importantly the contribution of 
localised carriers adds to the contribution of itinerant carriers to produce a large Nernst 
signal, e y = —E y fV x T, while it reduces the thermopower S and the Hall angle O. This 
unusual "symmetry breaking" is at variance with conventional metals where the familiar 
" Sondheimer" cancelation 42| makes e y much smaller than S tan G because of the electron- 
hole symmetry near the Fermi level. Such behaviour originates in the "sign" (or "p — n") 
anomaly of the Hall conductivity of localised carriers. The sign of their Hall effect is often 



opposite to that of the thermopower as observed in many amorphous semiconductors 



43|. 



Hence the bipolaron model can account 



value of e y in some underdoped cuprates 



32 



or a low value of S tan O compared with a large 



411 ] due to the s ign anomaly. Near the mobility 



edge S oc T as in conventional amorphous semiconductors |44j, so that S tan 6 oc T/p(T) 
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FIG. 1: Resistive upper critical field [38| (determined at 50% of the transition) of cuprates, spin- 
ladders and organic superconductors scaled according to the Bose-Einstein condensation field of 
charged bosons [39], H c2 (T) oc [6(1 - t)/t + 1 - t 1/2 ] 3/2 with t = T/T c . The parameter b is 
proportional to the number of delocalised bosons at zero temperature, b is 1 (solid line), 0.02 
(dashed-dotted line), 0.0012 (dotted line), and (dashed line). The inset shows a universal scal- 
ing of the same data near T c on the logarithmic scale. Symbols correspond to Tl — 2201(»), 
£ai. 85 Sro.i5Cu0 4 (A), Bi - 2201(x), Bi - 2212(*), YBa 2 Cu 3 6+x (o), La 2 _ x Ce x Cu0 4 - y (0), 
Sr 2 Cai 2 Cu 2 40 41 (+), and Bechgaard salt organic superconductor (v) . 

and e y oc (1 —T/T\)/p(T). 



According to our earlier suggestion [45j the insulating-like low-temperature dependence of 
p(T) in underdoped cuprates originates from the elastic scattering of nondegenerate itinerant 
carriers by charged impurities. The relaxation time of nondegenerate carriers depends on 
temperature as r oc T -1 / 2 for scattering by short-range deep potential wells, and as T 1 / 



2 



for shallow wells 



45j |. Combining both scattering rates one obtains p = po[(T /T 2 ) l l 2 + 
(T2/T) 1 / 2 ], which fits extremely well the experimental insulating-like normal state resistivity 
of underdoped Lai.94 Sr 06 CuO 4 , Fig. [2J with p = 0.236 mf2-cm and T 2 = 44. 6K. Then 
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FIG. 2: Normal state in-plane resistivity of underdoped Lai.94 Sro.o6Cu04 (triangles 



40() as re- 



vealed in the field B = 12 Tesla and compared with the bipolaron theory [24| (solid line). 



StanG and e„ can be parameterized as 



S'tan 9 = e 



(T/T 2 



\3/2 



1 + T/T 2 



and 



e y (T,B) 



e - 



(Ti - T^TJTj, 
T 2 + T 



vl/2 



(2) 



(3) 



where Ti and eo are temperature independent. 

In spite of all simplifications, the model describes remarkably well both StanG and e y , 
FigOJ measured in Lai. 94 Sr .06CuO4 with a single fitting parameter, T\ = 50K using the 
experimental p(T). The constant eo = 2.95 /iV/K scales the magnitudes of StanO and e y . 
The magnetic field B = 12 Tesla destroys the superconducting state of the low-doped Lai. 94 
Sr .06CuO4 down to 2K, FigEl so any residual superconducting order above 2K (including 
vortexes) is clearly ruled out, while the Nernst signal, is remarkably large. The coexistence 
of the large Nernst signal and a nonmetallic resistivity is in sharp disagreement with the 
vortex scenario, but in agreement with our model. 



IV. HALL-LORENZ NUMBER AND NORMAL STATE DIAMAGNETISM 



The measurements of the Righi-Leduc effect provides further evidence for charged bosons 
above T c 46]. The effect describes transverse heat flow resulting from a perpendicular 
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temperature gradient in an external magnetic field, which is a thermal analog of the Hall 
effect. Using the effect the " Hall-Lorenz" electronic number, Lh = ie/hs) 2 K xy /{Ta xy ) has 
been directly measured 4?| in YBa 2 Cu 3 OQsj5 an d YBa 2 Cu 3 OQ^ since transverse thermal 
K xy and electrical a xy conductivities involve no phonons. The experimental Lh(T) showed 
a quasi-linear temperature dependence above the resistive T c , which strongly violates the 
Wiedemann-Franz (WF) law. Remarkably, the measured value of Lh just above T c turned 

I L 

out about the same as predicted by the bipolaron theory [481 ], L = 0.15Lo, where Lq = 7r 2 /3 
is the conventional Sommerfeld value. The breakdown of the WF law revealed in the Righi- 



Leduc effect 



471 ] has been explained by a temperature-dependent contribution of thermally 



excited single polarons to the transverse magneto-transport 46]. 

Most surprisingly the torque magnetometery 43, |50j uncovered a diamagnetic signal 
somewhat above T c which increases in magnitude with applied magnetic field. It has been 
linked with the Nernst signal and mobile vortexes in the normal state of cuprates 33]. 
However, apart from the inconsistences mentioned above, the vortex scenario of the normal- 
state diamagnetism is internally inconsistent. Accepting the vortex scenario and fitting 
;he magnetization data in Bi — 2212 with the conventional logarithmic field dependence 
331 ] . one obtains surprisingly high upper critical fields H C 2 > 120 Tesla and a very large 
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Ginzburg-Landau parameter, k — A/£ > 450 even at temperatures close to T c . The in- 
plane low-temperature magnetic field penetration depth is A = 200 nm in optimally doped 
Bi — 2212 (see, for example 5jJ). Hence the zero temperature coherence length £ turns out 
about the lattice constant, £ = 0.45nm, or even smaller. Such a small coherence length rules 
out the "preformed Cooper pairs" [3l|], since the pairs are virtually not overlapped at any 
size of the Fermi surface in Bi — 2212 . Moreover the magnetic field dependence of M(T, B) 
at and above T c is entirely inconsistent with what one expects from a vortex liquid. While 



MiB) 



3 : 



49 



decreases logarithmically at temperatures well below T c , the experimental curves 



50J clearly show that — M(B) increases with the field at and above T c , just opposite 



to what one could expect in the vortex liquid. This significant departure from the London 
liquid behavior clearly indicates that the vortex liquid does not appear above the resistive 
phase transition (see also Ref. (4^] ) . 



39], 
52|. 



On the contrary the bipolaron theory, which predicted the unusual upper critical field 
Fig. [U quantitatively accounts for the normal state diamagnetism of cuprates as well 
When the magnetic field is applied perpendicular to the copper-oxygen plains the quasi-2D 
bipolaron energy spectrum is quantized as E a = fiw(p + 1/2) + 2t c [l — cos(K z d)}, where a 
comprises p = 0, 1, 2, ... and in-plane K x and out-of-plane K z center-of-mass quasi- momenta, 
t c and d are the hopping integral and the lattice period perpendicular to the planes, and 
uj = 2eB I ' c^m**m** . The bipolaron spectrum consists of two degenerate branches, so- 
called "x" and "y" bipolarons 4] with anisotropic in-plane bipolaron masses m** and rn**. 
Expanding the Bose-Einstein distribution function in powers of exp[(/i — E)/kBT] with the 
negative chemical potential fi one can after summation over p readily obtain the boson 
density, 



2eB 

n b 



, Tww ^-yry , (4) 

7T" C « _ x 1 — exp(— acoT / kb± ) 



and the magnetization, 



M(T, B) = -n bf i b + Yl Io(2t c r/k B T) x (5) 

r=l 

exp[(/i — fvjj/2 — 2t c )r/kBT] f\ huexp(—frLur/k B T) 



1 — exp(— Hur/kBT) \r ksT[l — exp(— Hur/kBT)] 
Here \i b = eh/c^/m%*m** and Iq(x) is the modified Bessel function. At low temperatures 



T — > Schafroth's result 



531 ] is recovered, M(0, B) = —n b ji b . The magnetization of charged 



bosons is field-independent at low temperatures. At high temperatures, T>T C the chem- 
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FIG. 4: Diamagnetism of optimally doped Bi-2212 (symbols) 



of charged bosons 



3 



compared with the magnetization 



52| near and above T c (lines). 



ical potential has a large magnitude, and we can keep only the terms with r = 1 to obtain 
M(T,B) = — nbUbfauj / (QksT) at T ^> T c ^> hw/ks, which is the familiar Landau orbital 
diamagnetism of nondegenerate carriers. Here T c is the Bose-Einstein condensation temper- 
ature T c = 3.31/i 2 (n 6 /2) 2 / 3 /(m**m7m**) 1 / 3 , with m c = h 2 /2\t c \d 2 . 

Comparing with the experimental data one has to take into account a temperature and 
field depletion of singlets due to their thermal excitations into spin-split triplets and single- 
polaron states by allowing for some temperature and field dependences of the singlet bipo- 
laron density, n b (T, B) = n c [l - ar - (B/B*) 2 } (here r = T/T c - 1). As a result, M(T, B) 
of charged bosons fits remarkably well the experimental orbital magnetization of optimally 
doped Bi-2212, Fig. H with n c /j b = 2100A/m, T c = 90K, a = 0.62 and B* = 56 Tesla. 

On the other hand the experimental data, Fig. HI are in disagreement with the phase- 



fluctuation scenario 131 



33]. Indeed, a critical exponent 5 = In 5/ In \M(T, B)\ for B — > 0, 



in the charged Bose gas is dramatically different from the KT critical exponent. While the 
KT S is about 1 above T KT , charged bosons have strongly temperature dependent 5(T) > 1, 
which is very close to the experimental 5(T) 52]. 
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V. GIANT PROXIMITY EFFECT 



Several groups reported that in the Josephson cuprate SNS junctions supercurrent can 
run through normal iV-barriers as thick as 10 nm or even thicker in a strong conflict with 
the standard theoretical picture. Using the advanced molecular beam epitaxy, Bozovic et 
al. 54| proved that this giant proximity effect (GPE) is intrinsic, rather than caused by 
any inhomogeneity of the barrier such as stripes, superconducting "islands", etc.. Hence 
GPE defies the conventional explanation, which predicts that the critical current should 
exponentially decay with the characteristic length of about the coherence length, which is 
£ < 1 nm in the cuprates. 

This unusual effect can be broadly understood as the Bose-Einstein condensate tunnelling 
into a cuprate semiconductor [55]. The condensate wave function, ip(z), is described by 
the Gross-Pitaevskii (GP) equation. In the superconducting region, z < 0, near the SN 
boundary at z — 0, the GP equation is 

MM = vm , )? - mz)i ( 6 ) 

where V is a short-range repulsion of bosons, and m** is the boson mass along the direction 
of tunnelling z. Deep inside the superconductor |?/>(,2)| 2 = n s so that /i = Vn s , where the 
condensate density n s is about half of the hole density, if the temperature is well below T c . 
Then the coherence length is £ = h/(2m**n s V) 1 ' 2 from Eq.(j6]). 

If the normal barrier, at z > 0, is an underdoped cuprate semiconductor above its tran- 
sition temperature, the chemical potential /x lies below the quasi-2D bosonic band by some 
energy e given by 

e(T) < -k B Tln(l-e- To/T ), (7) 

which is exponentially small at T' c < T T turning into zero at T = T' c . Here T' c m 
Tq/ ln(/cBTo/2i c ), is the transition temperature of the barrier, and To = nh 2 n'd/kBTn ^> 
T' c 3> tc/ks- The GP equation in the barrier is written as 

£^ = m ,,|. +#W . (8) 

It predicts the occurrence of a new length scale, K/ ^/2m**e(T). In a wide temperature 
range T' c < T < Tq, this length turns out much larger than the zero-temperature coherence 
length, £, since e(T) in Eq.([7j) could be very small, which explains GPA. The physical reason 
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why the quasi-2D bosons display a large normal-state coherence length, whereas 3D Bose- 
systems (or any-D Fermi-systems) at the same values of parameters do not, originates in 
the large density of states (DOS) near the band edge of two-dimensional bosons compared 
with 3D DOS. Since DOS is large, the chemical potential is pinned near the edge with the 
exponentially small magnitude, e(T), at T < T . Importantly if the barrier is undoped ( 
n' — > 0) e(T) becomes large, e(T) oc ln(l/n') — > oo, for any finite temperature T. In this 



case the current should exponentia 
is also experimentally observed 



20|. 



ly decay with the characteristic length smaller that £, as 



VI. SUMMARY 



A first proposal for high temperature superconductivity, made by Ogg Jr in 1946 [56], 
already involved real-space pairing of individual electrons into bosonic molecules with zero 
total spin. This idea was further developed as a natural explanation of conventional super 
conductivity by Schafroth 



j 3] and Butler and Blatt {5^]. The Ogg-Schafroth picture was 
practically forgotten because it neither accounted quantitatively for the critical behavior of 
conventional superconductors, nor did it explain the microscopic nature of attractive forces 
which could overcome the Coulomb repulsion between two electrons constituting a pair. On 
the contrary highly successful for low-T c metals and alloys the BCS theory, where two elec- 
trons were indeed correlated, but at a very large distance of about 10 3 times of the average 
inter-electron spacing, led many researchers to believe that cuprate superconductors should 
also be "BCS-like" (maybe with strong phase fluctuations). 

However, by extending the BCS theory towards the strong EPI, a charged Bose liquid of 



small bipolarons was predicted by us 



581 ] with a further prediction that high T c should exist in 



the crossover region of the EPI strength from the BCS-like to bipolaronic superconductivity 
59l | . Later on we have shown that the unscreened Frohlich EPI combined with the strong 
Coulomb repulsion provides superlight small bipolarons, which are several orders lighter 
than the Holstein bipolarons 4, {J 9]. The bipolaron theo ry p redicted such key features of 



cuprate superconductors as anomalous upper critical fields [39j , spin and charge pseudogaps 



2l| . and anomalous isotope effects [ll[ later observed experimentally (for review see l[ |2j). 
The strong EPI has been experimentally established in cuprates beyond any reasonable 
doubt. 
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We believe that the following conditions are responsible for the high-temperature super- 
conductivity in cuprates jjj: (a) The parent compounds are ionic insulators with light oxygen 
ions to form high-frequency optical phonons, (b) The structure is quasi two-dimensional to 
ensure poor screening of EPI with c-axis polarized phonons, (c) There is strong on-site 
Coulomb repulsion to form intersite mobile bipolarons rather than strongly localised on-site 
pairs, (d) There are moderate carrier densities to keep the system of small bipolarons close 
to the dilute regime. 

Here I have shown that the normal-state diamagnetism, the Nernst, thermal Hall and 
giant proximity effects provide further evidence for a genuine Bose-Einstein condensation of 
real-space lattice bipolarons in cuprates. 

I would like to thank Peter Edwards, Jim Hague, Viktor Kabanov, Pavel Kornilovitch, 
John Samson and Vladimir Zavaritsky for collaboration and helpful discussions, and to 
acknowledge EPSRC (UK) (grant numbers EP/C518365/1 and EP/D07777X/1). 
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